T reatment of proximal humeral bone loss resulting from tumor resection or from infection following shoulder arthroplasty represents a difficult reconstructive challenge. Shoulder reconstruction after tumor resection may involve a prosthetic device, an allograft-prosthetic composite, a prosthetic spacer, acceptance of a flail shoulder, or arthrodesis 1 . Shoulder reconstruction in the setting of infection after primary hemiarthroplasty may involve one or two-step revision shoulder arthroplasty (including use of an allograft-prosthetic composite or reverse shoulder arthroplasty because of lack of bone stock and rotator cuff function), acceptance of a flail shoulder, or arthrodesis 2, 3 . Each reconstructive method has its particular advantages and disadvantages. However, the methods other than acceptance of a flail shoulder and arthrodesis may not be durable enough for use in young patients 1 . Shoulder function is greatly compromised after creation of a flail shoulder 3 . With the recent popularity of endoprosthetic reconstruction even in patients with bone loss on the humeral and/or the glenoid side of the joint, there has been a decline in interest in arthrodesis 4 . However, in young patients who will likely subject the shoulder girdle to strenuous activity, arthrodesis may be preferable to reconstruction with a prosthesis, allograft, or a combination of both, as those methods would not permit strenuous activity 1 . Arthrodesis in the setting of infection following shoulder arthroplasty or of tumor resection with associated bone loss on the humeral and/or the glenoid side of the joint can be performed using free vascularized fibular graft 5 . However, this reconstruction is quite demanding, challenging, and prone to complications 1, 6 . Fuchs et al. reported on a large series of patients who had acceptable functional outcomes after tumor resection followed by shoulder arthrodesis using free vascularized fibular graft or a combination of allograft and free vascularized fibular graft. However, the rate of complications that required major surgical intervention was 43% 1 . Scalise and Iannotti 
reported on seven shoulder arthrodeses performed after failure of arthroplasty; four of the shoulders were reconstructed using free vascularized fibular graft and had a satisfactory clinical outcome 6 . Both groups of authors concluded that the patient and the surgeon should be aware of the complex nature of this surgery, the frequent need for additional surgical procedures to obtain union, and the high complication rate. Future efforts must be directed at developing surgical methods to decrease such complications 1, 6 . In this study, we describe our preferred technique and evaluate the functional outcome in a heterogeneous series of nine patients treated with shoulder arthrodesis using free vascularized fibular graft.
Materials and Methods

S
even women and two men with a mean age of thirty-eight years (range, twenty-six to fifty-four years) who underwent shoulder arthrodesis using free vascularized fibular graft between 2002 and 2008 were retrospectively reviewed after institutional review board approval was obtained. Shoulder arthrodesis had been selected as the optimal reconstruction method in patients under the age of sixty years with a proximal humeral defect of >5 cm and with a deficit of the rotator cuff and/or glenoid.
Three of the patients had undergone primary shoulder hemiarthroplasty for treatment of a four-part proximal humeral fracture. All had developed an early deep infection caused by methicillin-resistant Staphylococcus aureus (MRSA) and had undergone multiple surgical debridements prior to referral to the author's institution. Two-stage reconstruction involving shoulder arthrodesis using free vascularized fibular graft was performed (see Appendix). The remaining six patients underwent arthrodesis after tumor resection; three patients had a recurrent giant cell tumor, two had chondrosarcoma, and one had osteosarcoma, all of which were located primarily in the proximal aspect of the humerus. Tumor resection was performed by our oncology team, and shoulder reconstruction was performed by the author. Details of the cases and surgical treatment are given in Table I .
Clinical and radiographic data for all patients were obtained at a mean of sixty months (range, twenty-five to ninety-three months) postoperatively (see Appendix). Since the majority of the patients had undergone tumor resection, the Musculoskeletal Tumor Society (MSTS) function score was used to assess overall function of the upper limb 7 . The MSTS function score evaluates multiple parameters such as pain, function (including hand positioning ability, Immediately after inserting the fibula in the distal humeral medullary canal and obtaining primary stability at this interface, anastomoses can be performed either by lateral access to the vessels or via a separate incision (arrow) on the medial aspect of the arm. The exposed bone of the fibula was inserted 1 cm deep in the inferior pole of the glenoid or the glenoid remnant. The periosteal flap was allowed to cover the fibula-glenoid interface, preliminary Kirschner-wire fixation was performed, and reconstruction plates were applied.
manual dexterity, and lifting ability), and emotional acceptance; the maximum possible score is thirty points. The patients also completed a functional evaluation, the Toronto Extremity Salvage Score (TESS) questionnaire 8 , at the final follow-up visit.
Surgical Technique
The patient was placed in a beach-chair position at the edge of the table with the arm free and the spine of the scapula fully accessible. The medial border of the scapula and the thorax were supported with small towels. The contralateral lower extremity was used for the fibular graft harvest. In the patients with a tumor, two surgical teams worked simultaneously. In the patients with infection following arthroplasty, the author performed the entire procedure; exposure of the shoulder and arm was performed first, then harvesting of the graft, and finally reconstruction of the shoulder.
Internal rotation of the hip and flexion of the knee facilitated exposure of the fibula in the donor leg. A pneumatic tourniquet was applied and the fibula and accompanying peroneal artery and veins were harvested through a lateral approach; none of the grafts had a fasciocutaneous skin paddle. Six centimeters of the proximal and distal aspects of the fibula were left in situ. The harvested fibular graft was prepared at the back table to address the humeral defect.
Reaming of the humeral medullary canal was necessary in some cases to facilitate insertion of the fibular graft, but overreaming was avoided. Anastomoses of the selected blood vessels of the graft were performed immediately after this step. The brachial artery (end-to-side) and the venae comitantes (endto-end) were chosen as recipient vessels in eight of the nine patients. The fibular graft was used in a retrograde orientation to allow easier access to the vessels in the distal aspect of the arm 9 . Vessel anastomoses are difficult to perform after shoulder fixation if the profunda brachii artery and the venae comitantes are not used as the recipient vessels. To overcome this difficulty and to shorten the ischemia time of the fibular graft, anastomoses can be performed either by a lateral approach to the vessels or through a separate incision on the medial aspect of the arm, depending on the case or on the comfort of the surgeon (Fig.  1) . The profunda brachii artery and the venae comitantes were used in only one patient, in whom the fibular graft was placed in an antegrade orientation. Evagination of the periosteum at the proximal end of the fibula provided a bare osseous region, and approximately 1 cm of this portion of the fibula was inserted to a depth of 1 cm in the inferior pole of the glenoid, or the remnant of the glenoid, to obtain a solid arthrodesis. The evaginated periosteum was allowed to cover this interface, preliminary Kirschner-wire fixation was performed (Fig. 2) , and the position of the shoulder was secured though the use of supporting towels. The shoulder was then fixed from the scapular spine to the humerus with use of a 4.5-mm plate (preferably a reconstruction plate) on the tension side. The length of such a plate should be sufficient to bridge the spine of the scapula and the humeral shaft. At least three screws should be 
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placed in the scapular spine and three screws in the proximal aspect of the humerus. A second 4.5-mm plate was positioned to bridge the anterior aspect of the glenoid and the humeral shaft on the compression side (Fig. 2) . Placement of one or two screws in the anterior aspect of the glenoid and at least two screws in the humeral shaft was considered appropriate. Use of a locking platescrew construct to provide enhanced stability could be beneficial in this reconstruction. Only one plate was applied on the tension side in one shoulder because of a technical difficulty, and this shoulder was the only failure in our series. Consideration of the plate position is important to avoid obstructive overlapping of screws in the humeral shaft. The preferred shoulder position is 30°of abduction, 30°of flexion, and 30°to 50°of internal rotation. Avoiding a position that results in painful scapular winging is important. The preliminary Kirschner-wire fixation was removed from the fibula-glenoid interface after plate fixation of the shoulder. However, the fibula could be fixed to the remnant of the glenoid with a screw if necessary, especially in cases with glenoid excision. After checking the patency of the anastomoses, a closed wound vacuum drain was placed deep to the deltoid muscle and along the lateral border of the fibular graft away from the anastomoses, exiting through a separate stab wound. A Penrose drain could be placed in the wound if a separate medial incision was used for the anastomoses. The soft-tissue layers were closed in an anatomic fashion. The operatively treated shoulder was immobilized using an abduction sling until osseous union of the proximal and distal junctions was seen on radiographs. Immobilization was discontinued following radiographic confirmation of osseous union at both interfaces, and physical therapy involving scapulothoracic exercises was initiated.
Source of Funding
There was no external funding source for this study.
Results
Arthrodesis Union and Healing
A ll patients had radiographic confirmation of osseous union of the proximal and distal osseous interfaces at a mean of four months (range, two to eight months). In one patient, delayed union of the proximal osseous interface occurred at eight months postoperatively; this was probably due to unstable fixation of the fibular graft to the glenoid by a Kirschner wire that had been left in situ. After this experience, a screw fixation technique was used preferentially at this interface. However, there was no need for fixation of the proximal bone interface in two patients because the construct was stable. In all but two patients, sufficient hypertrophy developed to provide the desired pain-free limited shoulder motion. Hypertrophy of the vascularized fibula after shoulder arthrodesis was remarkably slower than that reported after vascularized fibular reconstruction of the lower limb in previous studies 10 . Obvious hypertrophy occurred at approximately one year postoperatively and continued to develop until two years postoperatively.
Clinical Outcome
Excluding the one reconstruction that failed, the mean active shoulder abduction and flexion was 80°(range, 60°to 100°). The mean MSTS score was twenty-four points (range, fourteen to twenty-eight points) and the mean TESS value was 82% (range, 44% to 94%), with a good functional outcome in all patients except the patient with the reconstruction failure. The mean MSTS (26.7 points) and TESS (91%) values for patients treated with two-stage reconstruction for infection following humeral head replacement were higher than the mean values for the patients with a tumor (22.7 points and 77%, respectively).
Eight patients (89%) reported no pain associated with even strenuous activities of daily living on the MSTS questionnaire. On the TESS questionnaire, seven patients (78%) reported that they could reach their mouth comfortably and judged their activities of daily living to be impaired a little or not at all (four or five of five points), one patient (11%) had difficulty reaching her mouth and judged her activities of daily living to be moderately difficult (three of five points), and one patient (11%) could not reach her mouth at all and judged her activities of daily living to be extremely difficult (two of five points). Three patients (33%) considered themselves as not at all disabled, five patients (55%) as mildly disabled, and one as severely disabled. It has been proposed that a shoulder arthrodesis should ideally enable a patient to reach the face and hair (rather than only the mouth), the midline of the body, and the back pocket 5 ; only four patients (44%) were able to achieve this level of function (Figs. 3-A, 3-B, and 3-C) . None of the patients had painful scapular winging due to excessive abduction or flexion with the arm in a resting position.
Complications and Additional Procedures
None of the patients in this series required additional bonegrafting to achieve arthrodesis. Only two patients (22%, Cases 
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1 and 9) had complications that required major surgical intervention. Case 8 may become a candidate for additional surgery if her malignancy results in progressive proximal osteolysis. There were no complications at the fibular donor site. Prominence of the fixation device was the most common complication because of the superficially located fixation devices and poor soft-tissue quality due to muscle atrophy, especially over the spine of the scapula and the acromion 5 . Three (33%) of the patients had prominence of the fixation device over the acromion. Two of these patients (Cases 5 and 7) had no discomfort, but the third patient (Case 9) experienced substantial problems and had a pedicled latissimus dorsi flap created to provide a bulk soft-tissue pillow over the implant four months after the arthrodesis. Despite this soft-tissue coverage, this patient had continued pressure over the plates and screws, which led to partial necrosis of the flap with exposure of the implant. Osseous union at both interfaces was confirmed by computed tomography, and removal of the fixation device and closure of the soft-tissue defect was performed. Six weeks after the hardware removal, a stress fracture of the fibula occurred just proximal to the humeral shaft. The patient did not wish to undergo a further surgical intervention, and a functional humeral brace was used. A painless pseudarthrosis eventually developed.
A deep infection occurred over the scapular spine in one patient (Case 1) one year after two-stage reconstruction to treat an MRSA infection following shoulder hemiarthroplasty. Since the fusion sites were healed and notable hypertrophy was evident, the plate on the tension side was removed and debridement was performed. No recurrence of the infection had occurred at seven years postoperatively (Figs. 4-A  and 4-B) .
Hypertrophy of the fibular graft was not observed in one patient (Case 8) even though early osseous union at both interfaces had occurred. Noticeable osteolysis was also present around the screw that held the proximal aspect of the fibula to the glenoid at thirty-seven months postoperatively. At the time of the latest follow-up, this patient was pain-free and had a functional shoulder that enabled her to perform activities of daily living.
A single distant metastasis occurred in the lung in one patient (Case 8) in the tumor group and was treated surgically. All other patients in the tumor group remained disease-free at the time of the latest follow-up. e94 (6) T
Discussion R econstruction of the shoulder girdle to preserve function in the presence of extensive humeral bone loss is difficult. In this report, we described the use of shoulder arthrodesis with free vascularized fibular graft for the treatment of patients with extensive proximal humeral bone loss resulting from either infection following humeral head replacement or tumor resection.
Currently, shoulder arthrodesis is indicated for brachial plexus injury, failed prosthetic arthroplasty, reconstruction after tumor resection, chronic infection, refractory instability, and pseudoparalysis of the shoulder secondary to combined rotator cuff and deltoid muscle dysfunction 5 . In the presence of severe proximal humeral deficiency, bone stock can be augmented with various techniques such as use of the tuberosities as local vascularized bone graft, use of structural tricortical bone graft, or use of allograft 5 . There are few reports of shoulder arthrodesis in the presence of extensive humeral bone loss 1, 6, [11] [12] [13] . When 6 cm or more of proximal humeral deficiency is present, shoulder arthrodesis with free vascularized fibular graft has been reported to have an acceptable outcome as a salvage procedure 1, 5, 6, [11] [12] [13] . However, this technique has been associated with a high rate of complications 1, 6 . Shoulder arthrodesis should have provided a stable shoulder girdle (albeit with limited motion) for activities of daily living, including strenuous activity, and acceptable complication rates.
Scalise and Iannotti reported the results of seven shoulder arthrodeses performed after failure of a shoulder prosthesis; four of the shoulders were reconstructed using free vascularized fibular graft 6 . Their technique only used one plate 14 , in contrast to the technique used in our study. Delayed union requiring additional bone-grafting occurred in two patients, and a third patient failed to achieve union and required conversion to resection arthroplasty.
Several aspects of the technique described in the present report warrant emphasis. Using a plate on both the tension and the compression side may increase fixation strength and improve the rate of reliable fusion 11, 15 . Inserting the proximal end of the fibular graft into the inferior pole of the glenoid, or the remnant of the glenoid, provides good osseous contact, and the vascularized periosteum of the fibula can cover the fusion interface. Screw fixation is preferable and safer than Kirschnerwire fixation at this interface. Reliable and safe anastomoses of the vessels are of paramount importance in this procedure. Anastomoses of vessels performed after stable fixation of the arthrodesis are technically very difficult because of the position of the upper extremity. It is preferable to complete the artery and vein anastomoses immediately after the fibula has been inserted in the humerus and primary stability at this interface has been obtained because manipulation of the extremity is possible and indeed very easy at this point in the procedure 9 . This is more convenient for the surgeon and also shortens the ischemia time of the graft. Choosing the brachial artery as a recipient vessel by placing the fibular graft in a retrograde orientation increases the reliability of the microvascular anastomosis.
The mean functional scores of the patients in our series who underwent two-stage reconstruction for periprosthetic infection were better than those of the patients who underwent reconstruction after tumor excision. This may be explained by the fact that the patients with an infection following shoulder arthroplasty had a painful dysfunctional shoulder prior to the arthrodesis, whereas the patients in the tumor group had a relatively normal shoulder. The proximal humeral defects in the patients treated for infection were also shorter than those in the tumor group, and obtaining stable fixation of the shoulder and fusion was easier.
There have been few reports regarding shoulder arthrodesis using free vascularized fibular graft in the setting of extensive proximal humeral bone loss 1, 6, [11] [12] [13] . Viehweger et al. reported on a series of eight patients who had favorable outcomes after reconstruction involving shoulder arthrodesis using free vascularized fibular graft 12 . Fuchs et al. reviewed twenty-one patients who underwent tumor resection and primary or secondary shoulder arthrodesis using a combination of allograft and free vascularized fibular graft 1 . The mean TESS and MSTS scores were 81% (range, 46% to 97%) and 23 points (range, 17 to 26 points), respectively, at a mean of eleven years postoperatively 1 . The authors concluded that shoulder arthrodesis as a limb salvage procedure provided good function after tumor resection, regardless of whether the procedure was performed primarily or secondarily, despite high complication rates (with 43% of the patients requiring a major surgical procedure due to a complication) 1 . The mean MSTS and TESS values reported by Fuchs et al. were similar to those of the patients in the present series who were treated for a tumor, which were 22.7 points (range, 14 to 27 points) and 77% (range, 44% to 90%), respectively. The reported difficulty that many of the patients in our series experienced performing the tasks specified by Safran and Iannotti following shoulder arthrodesis could be explained by the fact that two-thirds of the patients were unable to achieve the desired shoulder abduction and flexion (<30°) 5 . However, patient satisfaction assessed with use of the MSTS score was good because this instrument includes a parameter for emotional acceptance.
Kassab et al. reported the results of twenty-nine shoulder reconstructions after resection of the proximal aspect of the humerus to treat a neoplasm. The mean duration of follow-up was seven years, and the authors concluded that a composite reverse prosthesis appeared to be the most logical solution if the deltoid muscle could be preserved but that scapulohumeral arthrodesis could be proposed in selected cases 4 . Wang et al. reported that shoulders reconstructed by means of arthrodesis have superior function and strength compared with shoulders reconstructed with a prosthesis or an allograft-prosthesis composite in patients with extensive proximal humeral bone loss and abductor muscle loss 13 . Furthermore, the results of a prosthetic reconstruction may deteriorate with time, whereas a biologic reconstruction such as free vascularized fibular graft strengthens over time as bone hypertrophy occurs.
In conclusion, shoulder arthrodesis using free vascularized fibular graft with two plates to achieve stable fixation is a reliable salvage procedure with an acceptable complication rate for the reconstruction of shoulders with extensive humeral bone loss, rotator cuff dysfunction, and/or deltoid dysfunction, such as may e94 (7) T H E J O U R N A L O F B O N E & JOINT SURGERY d J B J S . O R G VOLUME 94-A d NUMBER 13 d JULY 3, 2012 
